Since the discovery of the TP63 gene in 1998, many studies have demonstrated that DNp63, a p63 isoform of the p53 gene family, is involved in multiple functions during skin development and in adult stem/progenitor cell regulation. In contrast, TAp63 studies have been mostly restricted to its apoptotic function and more recently as the guardian of oocyte integrity. TAp63 endogenous expression is barely detectable in embryos and adult (except in oocytes), presumably because of its rapid degradation and the lack of antibodies able to detect weak expression. Nevertheless, two recent independent studies have demonstrated novel functions for TAp63 that could have potential implications to human pathologies. The first discovery is related to the protective role of TAp63 on premature aging. TAp63 controls skin homeostasis by maintaining dermal and epidermal progenitor/stem cell pool and protecting them from senescence, DNA damage and genomic instability. The second study is related to the role of TAp63, expressed by the primitive endoderm, on heart development. This unexpected role for TAp63 has been discovered by manipulation of embryonic stem cells in vitro and confirmed by the severe cardiomyopathy observed in brdm2 p63-null embryonic hearts. Interestingly, in both cases, TAp63 acts in a cell-nonautonomous manner on adjacent cells. Here, we discuss these findings and their potential connection during development.
Do human SKPs age like in mice and depend on
TAp63? 2. To prevent aging, should we increase the number of SKPs or just stimulate the residual cells? 3. Do SKPs cells and TAp63-endodermal cells originate from the same neural crest progenitor?
4. What is the molecular circuitry controlled by TAp63 during heart development? 5. Do patients affected by p63-related ectodermal dysplasia (ED) syndromes suffer from mild congenital cardiomyopathy?
p63 belongs to the p53 family of transcription factors, together with p53 and p73. 1 By encoding two different N-termini (TA and DN) and multiple C-termini by alternative splicing, the TP63 gene generates multiple-protein isoforms. 2, 3 All p63 isoforms contain identical DNA binding and oligomerization domains and are able to transactivate p53-responsive and specific target genes. 4 Moreover, p53 gene members functions sometimes in an interdependent way. 5, 6 Similar to p53, TAp63 (p63 containing the transactivation domain) is related to DNA damage response function, inducing cell-cycle arrest and apoptosis. 7, 8 In adults, TAp63 is mainly expressed in oocytes, apparently to protect them from toxic insults 9 and, similar to p53, induced in response to cellular stress 4, including wound healing. 10 Low levels of TAp63 are detected in other tissues, including the suprabasal layers of the epidermis, suggesting a function in terminal differentiation. 11 Conversely, DNp63 has been implicated in cell proliferation and cell adhesion [12] [13] [14] and is a determinant of the homeostasis of the epidermal stem cell/progenitor niche. 13, 15 Recently, whole-genome array analyses by Chip-seq have demonstrated that endogenous p63 binds to thousand of gene promoters, suggesting highly complex interactions with a large number of pathways. [16] [17] [18] In addition, p63 is regulated by micro-RNAs, 19 but can also regulate micro-RNAs 20, 21 and Dicer. 21 Numerous reports strongly suggest a significant role of p63 isoform in cancer progression and tumor suppression. 4 DNp63 is often highly expressed in human tumors while nonsense and missense mutations on p63 have been recently identified in about 8% of 84 squamous cell carcinoma tumor samples. 22 Moreover, in vivo studies demonstrated that TAp63 isoform regulates senescence and suppresses tumorigenesis 23 and metastasis. 21 
Function and Regulation of DNp63 in Epithelial Development
During mouse development, the amino-deleted p63 isoform (DNp63) is expressed from E10.5 to birth in the surface epithelium, hair follicles and teeth, as revealed by in situ hybridization. 24 Knockout mouse models engineered to study the function of p63 in vivo revealed a fundamental role for p63 in epithelial development. 25, 26 Mice lacking all p63 isoforms die at birth and show severe developmental abnormalities, including lack of skin, limbs and epidermal appendages. The epithelial phenotype is due to a lack of commitment of the immature ectoderm to epidermal lineages, 25 ,27 a step driven specifically by DNp63. 28, 29 In this regard, ectodermal organs such as hairs, whiskers, teeth and several glands, including mammary, salivary and lacrimal glands, are lacking in p63-deficient mice. 25, 26 A key function for DNp63 in defining a squamous epithelial phenotype is to actively suppress mesodermal cell fates during the early development of Xenopus 29 and mouse. 30 Consistent with the role of p63 in epidermal commitment of ectodermal progenitors, heterozygous germline mutations in TP63 result in human ED syndromes involving defective development of the limbs, and/or ED characterized by defects in skin and its associated structures. 31 Several recent reviews have focused upon the function of DNp63 in embryogenesis and in the adult, [32] [33] [34] as well as in cancer. 4 Here, we review two new functions recently attributed to TAp63 in premature aging of the skin 35 and during cardiac development 36 and discuss their potential implications to human pathologies.
TAp63 in skin aging. p63 þ /À mice have a decreased life span, link with senescence. 37 More recently, the function has been attributed to TAp63, as TAp63-null mice suffer from premature aging. 35 TAp63 is expressed by a subset of dermal stem cells skin-derived precursors (SKPs) that originate from Sox2 þ dermal precursors localized in the dermal papilla and the dermal sheath of the hair follicle ( Figure 3 ). This population of self-renewing cells is capable of clonal and multilineage differentiation, 38, 39 functions to induce hair growth and contributes to dermis homeostasis especially during wound healing. 40 These hair follicle dermal precursor cells share properties with neural crest precursors, differentiating into mesenchymal derivatives such as adipocytes and skeletogenic cells and peripheral neural crest cell types such as Schwann cells. Lineage tracing analysis allowed the authors to conclude that SKPs, and the endogenous dermal precursors from which they derive, originate from the neural crest in the face and the somites in the dorsal trunk, but despite these different origins, they both generate precursors with a highly similar phenotype. 41 
In TAp63
À/À mice, SKPs exhibit rapid signs of premature aging, including a marked increase in senescence, DNA damage and genomic instability, resulting in an exhaustion of these cells. 35 Lack of TAp63 in the dermal stem cell compartment of the hair follicle (dermal papilla and dermal sheath) results in senescence-associated-b-gal positivity, a marker of the terminal growth-arrest response known as cellular senescence. This senescence response is associated with hair loss and is also observed in normal aging of wild-type mice.
At the cellular level, the data provide a number of TAp63-dependent mechanisms that explain depletion of adult stemcell function. TAp63
À/À SKPs showed significantlly increased proliferation and self-renewal in culture, a phenotype that correlated with decreased expression of p57 Kip2 , a cell-cycle inhibitor that is a direct transcriptional target of p63. 42 As adult stem cell populations are not immortal, a large enhancement of proliferation of follicle-associated SKPs would be predicted to lead to stem cell depletion. Interestingly, re-expression of p57 Kip2 in TAp63 À/À SKPs rescued the hyperproliferative phenotype of TAp63 À/À SKPs, indicating that regulation of p57
Kip2 by TAp63 is involved in the maintenance of these dermal precursors.
Although the ubiquitous knockdown of TAp63 resulted in senescence of epidermal stem cells and significant genetic instability in the epidermis, the conditional ablation of TAp63 in the epidermal stem cells (using K14-Cre transgene) did not recapitulate this phenotype, suggesting a critical role for the dermal stem cells in regulating the epidermal compartment. Furthermore, cultured SKPs (isolated from dorsal and whisker pad skin) and epidermal cells bereft of TAp63 undergo senescence, as well as enhanced DNA damage and significant genetic instability. Thus, TAp63 is critical for skin homeostasis, maintaining epidermal and dermal stem cells in a healthy and functional state with intact genomes. The method used by Su et al. 35, 43 did not allow separating epidermal stem cell from hair and skin, which leaves open the question whether TAp63 has a major role in the bulge epidermal stem cells (Figure 1 ). In the rodent HF, two different neural crest stem cell-like (NCSC) populations with a unique genetic signature that distinguishes them from other hair follicle stem cells can be derived from the outer root sheath: the epidermal neural crest stem cells (Epi-NCSC) 44 and the Nestin þ K15À cells. 45 Interestingly, the genes composing the Epi-NCSC signature in rodent are similarly activated in hair follicle stem cells/neural crest cells and display comparable signature and embryonic origin with SKPs, suggesting that these two populations are equivalent (reviewed by Biernaskie 46 ). Thus, the similarities between SKPs and certain outer root sheath/bulge stem cells suggest that TAp63 may also mediate age-related changes in the epithelial hair follicle compartment.
The findings described above strongly suggest that depletion of adult stem cells may be a major cause of tissue aging 47 and raise the possibility that functional depletion of adult stem cells is responsible for the phenotypes of humans with dysregulated TAp63, including skin and hair conditions. 48 In this regard, the TAp63 À/À mice display a phenotype similar to defects in humans with Hay-Wells syndrome where patients with mutations in p63 develop dermatitis and alopecia. 49 We suggest that these patients have defects in dermal stem cell maintenance, which we propose could be reversed by drug discovery efforts that enhance dermal stem cell or SKPs self-renewal.
Aging is accompanied by a decline in the homeostatic and regenerative capacity on all tissues and organs. In mammalian, the correlation between aging and stem cells, or the 'stem-cell hypothesis for aging', has been described in a variety of tissues. 47 In this hypothesis, the age-related stem cells changes are due to a depletion of stem cells, chronological aging, change in local systemic environment or intrinsic change in aging stem cells (DNA damage, telomere shortening). 50, 51 A key regulator may be the p53 family, where levels of family members such as p53 and TAp63 have been shown to be crucially important in aging in rodents. Evolutionary theory argues that evolution selects for genes that are beneficial in early life even if they are detrimental later. p53 family members are a notable example and their study with regard to age-related changes in stem cell function is important to understand how abnormal stem cell fate, including senescence can influence tissue aging. 50 There are numerous key questions that skin, aging and stem cells leave us for the future. TAp63 is expressed by SKPs, which either derive from somites or originate from the neural crest cells. 41 Contrary to what had been observed with hair follicles SKPs, downregulation of TAp63 did not influence the proliferation capacity and differentiation potential of human bone marrow-derived mesenchymal stem cells while protecting them against apoptosis. 52 This observation suggests two distinct roles for TAp63 in mesenchymal stem cells versus neural crest-derived stem cells, opening doors for further investigations. Another fundamental question is related to the TAp63-driven senescence of the dermal stem cells. Could it be a way to prevent cancer in a vulnerable aging tissue and if so, what could be the link with the tumor suppressor role of TAp63 described in other tissues. 35 Moreover, if targeting stem cells is a potential strategy for the war against human aging, there are several points to be explored. As p63 is a story of mice and men, 34 we must test whether human SKPs age as they do prematurely in TAp63 knockout mice. Recent studies reported a dermal stem cell depletion with aging 53 and a premature senescence of the dermal papilla cell in balding scalps. 54 Nevertheless, what could be the role of TAp63 in these processes? What would be the optimal level of manipulation of TAp63 in the SKPs as we age? We would certainly have to fine-tune the risk between too little expression leading to hyper proliferation and exhaustion of the dermal stem cells and too much which could potentially stop their proliferation. What could be the best strategy? Should we identify factors secreted by the niche that may be affected during aging? We might find a way to increase the number of SKPs (in case of depletion) or just stimulate the residual cells. Should we force the senescent cells to reenter into cell cycle?
TAp63 in heart development. When aggregated as embryoid bodies, embryonic stem (ES) cells spontaneously recapitulate in vitro the main steps of mesoderm and cardiac lineages leading to mature cardiomyocytes, as visualized by the appearance of beating areas in the cell culture. In vivo and in vitro cardiac lineages can be followed by the sequential appearance of specific markers, as illustrated in Figure 2 . In the course of our study on the role of p63 during ectodermal commitment of pluripotent stem cells, we surprisingly observed that stable inactivation of TP63 prevented the production of beating areas. 36 By the use of transient siRNAs raised against each of the p63 isoforms, we found that specific knockdown of TAp63 prevented the formation of beating cardiomyocytes. Although markers of the mesodermal fate (brakyury and mesp1) were not affected by the absence of TAp63, we observed a significant reduction of early cardiac progenitor markers (tbx5, nkx2.5, isl1) and mature cardiomyocyte markers (troponinT, a-actinin and mlc2v). These data suggest that TAp63 controls cardiogenesis, as soon as the mesocardiac cells become cardiac progenitors from both the first (tbx5) and second (isl1) heart lineages (see Figure 2) .
By immunofluorescence staining during cardiac differentiation of ES cells, we observed that TAp63 is not detected in cells of the mesocardiac lineage but coexpressed with sox17, a specific marker of endodermal cells. Accordingly, p63 transcripts were detected in the endoderm of E8.5 embryos by in situ hybridization. 36 At an early stage of mammalian embryogenesis, the primitive and extra-embryonic endoderm that expresses sox17 is in close proximity to the primitive mesoderm and has an inductive role in adjacent mesocardiac progenitors. It has been shown that expression of the transcription factor sox-17 in the mesendoderm is essential for the specification of cardiac mesoderm in ES cells. 55 By Chip-PCR experiments, promoter/reporter assays and chimeric co-culture rescue assays, we demonstrated that TAp63 is apparently not expressed by precardiac mesoderm cells but by endodermal derivatives to stimulate cardiac progenitor lineages in a cell-nonautonomous manner. Altogether, TAp63 controls the inductive role of the endoderm on cardiac progenitor fate.
Our surprising data prompted us to examine the embryos deficient for p63 that have been produced more than a decade ago. We analyzed p63 À/À embryos of the brdm2 strain available from the Jackson Laboratory (Bar Harbor, ME, USA). 25 Histological sections revealed a severe dilated cardiomyopathy in p63-null heart (Figure 3) . Both left and right ventricular chambers showed deficient trabeculation and thin ventricular walls. 36 Cardiomyocytes displayed pronounced disorganization of the myofibrillar apparatus and mitochondria. In contrast to spontaneous Ca 2 þ spiking in the WT myocardium, weak Ca 2 þ spikes were observed in p63-deficient embryos, highlighting the defective cardiac activity of the homozygous mutant heart. Therefore, the cardiac phenotype of the p63-null embryos fits well the defective cardiac differentiation of ES cells in the absence of TAp63 (Figure 3) .
The multiple defects in the two ventricular chambers and atrium strongly suggest that p63 controls the specification of cardiac progenitors of the first and second heart lineages, as suspected from our in vitro data. Islet-1 (isl1) is transiently expressed in a population of multipotential mesodermal precursors emerging from a second heart lineage that contribute to two-thirds of the heart 56 Tbx5 transcripts are found in the endocardium and myocardium of the inflow region, the atria, the AVC and the left ventricle, but not in the right ventricle and OFT of the linear, looping and chambered heart, strongly suggesting that its expression is mainly associated with the first heart field and its derivatives. 57 Analysis of isl1 expression at early stages showed that p63-deficient mice have a decreased pool of isl1-positive progenitor cells in the primary left ventricle, wall of the atrium, the sinus venosus, the epicardium and the outflow tract. In addition, p63-null embryos at E 8.5 displayed a lower expression level of isl1, nkx2.5 and tbx5 cardiac-related genes. Altogether, our finding strongly argue that TAp63 is a key endodermal cardiogenic factor that modulates, in a cellnonautonomous manner, the specification and/or the proliferation/survival of cardiac progenitors that migrate from the cardiac crescent and this could explain the defective ventricular wall and trabeculation ( Figure 4 ). As we observed less sox-17 endodermal cells during ES cell commitment, it could suggest that TAp63 could function as a self-renewal gene for endodermal cardiogenic progenitors. Interestingly, two TA-null mice have been produced recently. For the first one, no embryonic development defect was reported. 9 However, the second KO mouse strain displayed a strong þ cells then migrate to the anterior region by ingressing through the primitive streak. Cardiac progenitors are then determined expressing Nkx2.5, GATAs and Mef2c. The progenitor cells expand rapidly forming the cardiac crescent following the fusion of the bilateral heart-forming areas in the splanchnic mesoderm. Ultimately, cells segregate into two spatially and temporally distinct cardiogenic heart fields exhibiting unique time courses of differentiation and distinct regional contributions to the embryonic heart. Cells then express cardiac transcription factors such as tbx5, GATA4, Nkx2.5 and Islet-1 (Isl1). Fully differentiated cardiomyocytes are identified by Troponin-T, MLC2v and a-actinin. Progenitor cells from the first heart lineage (FHF; blue) contribute primarily to the left and right atria (LA and RA) and the left ventricle (LV) of the primitive mammalian heart while the second heart field (SHF; red) contributes to the outflow tract (OFT) and right ventricle (RV) Figure 4 Dual functions of TAp63 and DNp63 in development. At early developmental event, pluripotent epiblast (extreme left) produces the three germ layers, ectoderm, mesoderm and endoderm. We and others have shown that DNp63 is mandatory for in vivo 27 and in vitro 28, 29 epidermal commitment of ectodermal cells. More recently, we found that TAp63 is expressed in vitro and in vivo by primitive endodermal cells and controls the expression of endodermal factors (sox-17, GATA) that allow the production and secretion of cardiogenic factors (Activin-A, BMP-2, Wnt) for proper cardiogenesis in a cell-nonautonomous manner. 36 MCP, multipotent cardiovascular progenitors; CP, cardiac progenitors; CC, cardiac cells proportion of embryonic lethality. 35 To circumvent this phenotype that could be due to heart failure, the authors have backcrossed their mice to an alternative genetic background. These data suggest that the function of TAp63 in heart development could be compensated by alternative pathways and/or that, depending on the genetic background of the mouse strains, some modifier genes may amplify or neutralize its effect.
As p63 is recognized as a major epithelial transcription factor, we were puzzled by a potential link between p63 and cardiogenesis. As a matter of fact, sparse pieces of evidence can be found in the literature of the last years that point to a connection between p63 and heart development and/or physiology. Among them, the original papers on p63 reported the presence of p63 transcripts in heart tissue and in the branchial arches of E8.5 embryos. 3, 26 Moreover, Chip-seq and Chip-on-chip analysis experiments performed on somatic epithelial cells identified p63-target genes related to cardiac development. 17, 58 Finally, a specific activity of a strong p63 enhancer was reported in the embryonic heart area of transgenic mice. 59 As stated above, p63 expression was detected by in situ hybridization in the branchial (pharyngeal) arches, where cardiac progenitors are located and reside close to ectodermal and endodermal progenitor cells before their migration to the cardiac tube. 60 The embryonic pharyngeal arch contain tbx1-positive cells that originate from the neural crest and have a vital role in heart development. 61 Interestingly, we found out that p63 was in the list of genes that were specifically repressed at E9.5 in pharyngeal arch of tbx1 KO embryos. 61 Although the KO p63 mice have been described a decade ago and used broadly by several independent research groups, we have discovered that the p63 null embryos suffer from a severe congenital heart failure that could explain their lethality before or at birth. Actually, the p63-null embryos at mid-gestation have abnormal epithelia tissues but the defective heart appears macroscopically normal. The ES cell model prompted us to have a new look at the heart histology of p63 null embryos and found this novel and unexpected role for TAp63 in the cardiac differentiation and heart development. These studies provide a strong rationale for using ES cells as a cellular model to study development in vitro.
Mutations of the p63 gene in humans are responsible for ED syndromes. 31 Our findings suggest that these patients may suffer from mild congenital cardiomyopathy that has not yet been detected. The few recent reports of patients affected by both ED and arrhythmogenic right ventricular cardiomyopathy 62 or atrial septal defect 63 suggest that patients affected by p63-linked ED syndromes could have an increased risk of undetected heart failure. Moreover, duplication and deletion of the region 3q27-ter (where the p63 gene resides) are associated with congenital malformations, including dilated cardiomyopathy. [64] [65] [66] However, we cannot exclude that the two events are unrelated. No mutation in TAp63-specific sequences has been described so far. The study described here suggests that such TAp63-specific mutations would be either lethal in utero or responsible for congenital cardiomyopathies for which no gene has yet been assigned. As a matter of fact, the frequency of p63 À/À embryos was generally lower than expected from Mendelian segregation. 36 Therefore, these data warrant a systematic analysis of potential genotype/phenotype correlations between p63 mutations and defects in cardiogenesis.
Our discovery opens the field to many questions to be raised: when exactly and in which cell types are TAp63 isoforms expressed during early mammalian development? What are the genes and signaling pathways controlled by TAp63 for proper cardiogenesis and heart development? Are there congenital cardiopathies in which p63 gene is mutated? What is the nature of the modifier(s) responsible for the discrepancy of cardiac phenotype between mouse strains? Are there additional tissues, whose development relays on endodermal inductive factors, affected by the absence of p63? Do TAp63-Expressing Cells Share Common Origin and Function?
Except for the proapoptotic role of TAp63, most of the functions attributed to TP63 concern DNp63. These newly described functions of TAp63 in cardiogenesis and stem cell maintenance were unexpected. Interestingly, in both cases, TAp63 exerts its effects in cells with instructive functions on nearby cells of different origins, either dermal stem cells that instruct epidermal stem cells in the bulge region to grow hair or primitive endodermal cells that excert cardiogenic effect on cardiac progenitors. In addition, the expression of TAp63 in neural crest-derived stem cells such as some SKP populations provide clues to how this gene regulates cardiogenesis. Thus, TAp63 could function as a self-renewal gene for both endodermal cardiogenic cells 36 and skin progenitors. 35 This could be related to a similar function attributed to TAp73 on neural progenitors. 67 To understand how TAp63 functions in these contexts, it will be necessary to identify its respective target genes by using comparative whole genome-wide map data from each cellular system. Cardiac neural crest contributes to the heart stem cell pool 68 and the embryonic branchial arches (where TAp63 is detected) contain mesendodermal cells of neural crest origin that participate to the heart development. 69 As SKPs cells are also derived from the neural crest and can produce functional smooth muscle cells, 70 it would be interesting to determine whether the TAp63-expressing endodermal cells with cardiogenic inductive role 36 have a common embryonic origin with the dermal SKPs and whether the latter could have cardiogenic activity on mesocardiac progenitors. Again, a careful analysis of the microarray and Chip-seq analysis of SKPs cells may be informative.
The functions of TAp63 have been shown to be dependent on the genetic background of the mouse strain used to ablate TAp63. 35 This highlights the variability between genetic background that could be explained by either the existence of p63-linked modifiers yet to be identified or that p63 is itself a modifier for other genes directly involved in these functions. As there is interdependence between the p53 gene members and their dozen isoforms, such discrepancies could also be explained by potential mutation or polymorphism on the related genes. Therefore, and as suggested in a recent review, 6 the relative expression level of each gene must be Role of TAp63 in skin aging and heart development M Paris et al carefully evaluated in different tissues during development and aging.
Finally, the new functions attributed to TAp63 raise the question of whether patients carrying mutations in p63-specific exons/introns could suffer from congenital cardiomyopathy and/or premature aging. A systematic analysis of potential genotype/phenotype correlations between p63 mutations/SNPs and defects in cardiogenesis and aging should be initiated.
